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STUDY OF OCEAN IC LITHOSPH[RE USING

GEOS- 3 RADAR ALTIMETER DMA

1 . INTRODUCTION

The aim of this study is to gain a better understanding of the structure ,

mechan i cal p roper ties , an d time evolution of the lithosphere . By using a

simplified mode l , the behav i or of an id eal l i t hos phere as a func ti on of age
can be theoretically predicted (Crough , 1975 ; Crough and Thompson , l976a),

but that method can provide only general trends . While local studies can be

performed by using surface ship gravity data and their correlation with

bathymetry (Walcott , 19 76; Watts , 19/6 , 1978; Wat ts an d Cochran , 1974; Detrick

and Watts , 1979), these are necessarily very limi ted geographically. We have

chosen in this work to make use of the geoid heights provided by the Geos 3

ra da r a l t i meter , which cove rs all oceanic regions. Since the oceanic litho-

sphere is simpler to study than the continental lithosphere , we have limi ted

our effort to oceanic regions. Our intent has been to select as many sites

as possible that offer a good geoid si gnal and to study them systematically,

hoping to obtain a good statistica l sample. The geoid heights were then

inspected , together with the bathymetry , the magnetic ‘i neat i ons , the age ,
formation , an d h is tory of t he load , and the lithospheric age and evolution .

Our goal has been to establish positive relationships among these parameters
c~~ as to use geoid hei ghts as a predictive tool .

Our method , fully described in Scientific Report No. 1 un der t h is contrac t

(AFGL-TR-7 8—0271), is suninari zed here . We limi ted our study to the interpreta-

tion of the short-wa velength si gnals contained in the geoid hei ghts . In orde r

to separate the short-wavelength from the long-wavelength components , a

re ference geoid calculated with the GEM 1O or SE rv spherical -harmonics expan-

sion coefficients up to degree and orde r 16 was subtracted from the total

field. Ii most cases that method prove d adequate , e x c e p t  in a reas  characterized



by poor surface-da ta coverage such as the South Atlantic Ocean off the coast

of South Afri ca . Following Crough (1975), we conside red the lithosphere as

a thin plate whose th i (kness increases wi th age up to an a~e of 80 m .y.,

followed by a progr essive l y reduced rate of thickening until it reaches an

equilibrium thickness. Since the mechanic al properties ot t h f - plate depend

on i t s  thickness , we studied the ti :~ evo l ution of the lithosphere by observ ng

how it defo n- , ’, w r ieri loaded by eoiuou rits or rid ges chosen at seve ra l p o i n t s

along i t s  e v o l u t i o n a r y  path.

To a c c o u n t  for t h e  Jeold s i ’ J n d l s  o b s e r v e d  so f a r , two mode ls we re con-

side r f d: the ‘‘in — elastic — plate mode l a n d  the Ai ry !~ del (see, for example ,

McKenzi e and Bowin , 1i /6 ). the th in - elas t i c—p l~Fte model applies when a load

was developed n ~ t o n  ~ l , I ? .  t f init e tln ckne ss that subsequentl y deformed .

The uuq r i i  tude ,irid wave length i f  t h e  d i f o r n l d area depend mostly on the f lexural
ri b j  di t i  , which i t ’ ,f l  f ~S I F I q O F T  ional t I f  f f 1 ’  ( A f O  o f  t i f f  1 ithospher ic th ick—
r i o ’ ’ . The corrl’lat ion t W I t  i o n  t i n  tw e e r i  bathyn ietry and t r iP  ‘ ; i c id  hei ght
de t f r r i J I # ’ , the IOCd l  ii lo ~~t t h e  f l i ’ur~il r igi di t~ . The fir ’.t step in our

pro edure was F ( , i i C i I ) ,I t , i ~~r u i p ’nt na l III F l i t i o n  functions or idri ttances

i f l  ~I i V F ’ r I U l ; I E O ! 5~~~,I f F ’  f I F  ‘ I V d ’  1 1 t h ’  t I ’ ’ ’ iir ~u I rj’~id i ,,. ~f nri we Four - l er —
t r io . f t  n ed thi’ ’,i t ’ a ! i ~~ t I P i f l  O O r ’  i i  I ‘,pati ’ , I J r I v f f  I ved them w i t h  the bathyme t ry
re _ j n’ ,t r - ’ j c  tf ’ I ul on g the i t  i t  Ii i i’ ’ p1 St tioris , .in i obta ined a theoret ical
ieoid pr o f ir’ f !  counpir icon ~i fr Un’ 1 f r - v e t  qeoi d hel hts (see, for example ,

Fi rju res I t i, ”h I f i  4)

~t l(’ Airy — i n  I ~ ~- is app l-,  41 F ’ I l  tfie I I,ld w,i . created siunu l tar e u ly with

the Ii th ohI re (or - I i i  ,I /erII — r hi 1 ,5 l i t  r i  .~ hi’re ) and developed 11 t nt roots
in order to es? ,I bl i~~h ‘ i l  or r i ’ l i ! i  I isos ta t ic  f o U l  1 ibri un . The correlat ion
func ti on is i i  i f  f e r n t in th Is  ~ ide I ( en qu r( 5) , but the procedure is the

same as in the ca n of t i e  th in i ’ li ’ .tic p li te.
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2. RESULTS AND DISCUSS ION

Several chains of islands , seamounts , and rid ges hav e been stu di ed so far
and described in Scientifi c Report No. 1 and Quarterl y Progress Reports No. 1

through 6 (Contract No. F19628-78-C—0003). The following material suninarizes

the past work and describes the latest studies more extensively.

2 .1 -I 1l:Iounts and Island Chains

Th c f irs t area studied was the Hawai i a n—E m peror Seamount chain (see
Scient i f i c Report No . 1 and Roufosse , 1979a ).  An interesting feature about
that chain of islands is that although the lithospheric age increases from

east to nest and is the oldest for the Empero r chain , the flexu ra l—ri gidity

value tends to decrease from east to west , contra ry to the hypothesis of

l i thospheri c thickening as a function of age. This observation has recei ved

two different exp lanations in recent literature , and so par , there is no

objective reason to favo r one over the other. On the one hand , Watts (1978)

proposes tha t the mechanical properties of the l i thospheric plate are frozen
in at the time of loading; thus , the meaning ful parameter is the diffe rence
between the age of the lithosphere and that of the load. Jones (1979), on
the other hand , following Detrick and Croug h (1978), proposes first that the

area has been reset to an earlier age owing to the presence of a hot spot and

second that it behaves as a visoe lastic riledi um with a variable parameter , the

thickness of the plate. Both models reproduce roug hly the observed variations

for the f lex ura l rig idity , owing to the fact that the age of the load increases
from Kilauea to Empe ror , Ii’ , shown in Figure 6 and discus~ed by Clague and

Jarrard (1973).

The Marsha t l -Gi lbe rt Island reg ion was orig inally studied last year with

a very small number of data . We have now retrieved 40 passes spannin g the
whole length of the chain . The age of the lithosphere , derived from magnetic

8
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Kilauea along the Hawaiian -Emperor Seamoun t chain .



lineations (Larson , 1976; Hilde , Uyeda , and Kroenke , 1976), i s Jurass i c an d

thus between 135 and 190 m .y.b.p. The ages of the loads have been taken fra n

Clague and Jarrard (1973) and Jarrard and Clague (1977). Excluding Mejit ,

we observe a decrease in the age of the load as we go south along the Marshall

Is lands. The northernmost is land was formed first , about 55 m.y.b.p. , and

thus at a t ime when the Pac i f ic  plate was heading north . According to our

study , most of the islands must have formed while the plate was still heading

north , except perhaps for the southernmost section , which is sl i ghtly bent
to the east.  ,‘Ie have no precise da te for the Gilbert Islands , either for the
loads or for the lithosphere . The geoid signals are not so clear there as
fur the Marshall Islands , and the flexural rigidity tends to be l ower. We
there fo re sugges t  that they might have been formed at an earlier time , again

when the Pacific plate was heading north. This phase of the study is not

com plete , and thus only the broad features can be outlined.

4e have also begun to study the Line Island ~. They trend northwest to

soU~ neast below the Hawaiian Seammi ount chain and are more or less parallel to

the Empero r Seamount chain . The geoid signal there is broad and ill-defined.

A few ages for the loads are known with certainty; they are of the orde r of

80~ m .y. For a few other loads , a mn ini mim uni age is known , of the orde r of

m.j. All these features represent mii uch olde r loads than do th’~ nearby

Hawaiian Seamnounts , althoug h they lie on sections of the lithosphere that are

roughly the sa m e age , Cretaceous. There fore , they must  have been forme d on
young lithosphere when the Pac i f ic  plate was mov ing  nor th . In addition , they

are chara cteri zed by sm all f lexural- r ig id i ty  values , of the order of 2 .5 io 29

iljne-cm . Following Mo rgan (1971 , l 972a ,b), we thus believe that the three

isl i n i chains studied were produced by plate motion ove r convect ive  plumes

extending from near the core-mantle interface to the base of the lithosphere .

Morgan hypothesized thut a total of three hot spots were responsible for the

f irinm ation of these chains , which are currently located at Hawaii , McDonal d

~,r’,mmll1IAn1 t , and the intersection of the East Pacifi c Rise with the Sala y Gome z

Ridge .

10



In our investi gation of the Crozet , Kerguelen , and Heard Island s in the
Indian Ocean (see Scientifi c Report No. 1), we found that Crozet fi ts the
thin-elastic-plate mode l perfectly while K .~rquelen does not. We beli eve that
the Airy mode l will offer a m uch better description of this region , and we
intend to resume o : j r  collaboration with Dr. A . Cazenave froni the Centre

National des Etudes Spatiales in Toulouse in order to examine that po ssibi litj.

2.2 Walvis Ridge

Another phase of our work was an examinat ion of the Walvi s Ridge in the

South Atlan tic Ocean . The Walvis Ridge is aseism ic and is made up of three

main segments :

1 ) An eas tern segmen t , extending continuously from the African marg in

to long i tude 6°E and trending east-northeast to west—southwest. It is

approxima tely 600 fr ;~ long and 100 to 200 km wi de .

2) A central segment , trendin g north—south. This segment is lower and

narmw e than the eastern segment and is approximately 500 km long .

3) A wes tern se gmen t , -m ad e up of individual searmm ount s and divided into

two branches , a sharp and elevated southe rn branch and a less marked northern

branch. It extends to the Mid -Atlanti c Rid ge in the vicinity of Tristan da

Cunha and Gough Islands.

Concerning the origin of the Walvis Ridge , there are two main hypotheses .

The first is that it formed synchronously wi th the opening of the South

Atlantic and resulted from hot spots (Morgan , 1971 , l972a ,b; Le Pichon and

Ha yes , 1971 ; Francheteau and Le Pichon , 1972). The second is that it was

created af ter  the opening of the South Atlantic and is related to a mim ajor

uplift (Ewi ng , Le Pichon , and Ewing, 1 966; Maxwell and others , 1Y7O) . To

distinguish between these two hypotheses , severa l investigators (Goslin ,

Mascie , Sibuet , and Hoskins , 1974; Gos lin and Sihuet , 1975; Ding le and Simpson ,

l~ /6) have made use of all the information available for the edste rn section

of the ridge : bathyme try , seismic profi les , magnetic anomalies , age of the

load , sedimentary distribution , morphology and constitution of the ridge ,

1 1
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and gravity data. They all conclude d that the easternniost section of the

ridge was formed simu l taneousl y with the lithospher e , on the ri dge , by a man tle
hot spot. Furthermore , it is probably controlled by lines of weakness in the

l i thosphere such as transform faults. By no m eans can it represent a load

superimposed on the lithosphere ; this is ruled out by the gravity anomalies

that suggest compensating roots down to a depth of about 25 km.

If we observe the direction of the Walvis Ridge , it is incompatible with

a fixed hot-spot ori gin. It has been postulated that after the eastern

segment was formed , approxima tely 127 to 80 m.y.b.p., the South Atlantic open-

ing pale shifted at about 80 m.y .b.p. (Le Pichon and Hayes , 1971). I t  i s
likely that the center of the vo l canic activi ty , wh ich was responsible for

creating the central section of the Walvi s Ridge , moved southward at that time .

The hot spot then presumably moved to the location of Tristan da Cunha , where
it created the weste rn section of the rid ge , wh i ch thus develo ped on ol der
lithosphere . If that is true , a thin—elastic—plate model , s i m i l a r  to tha t
used for the Hawaiian , Marshall — Gi l bert , and L i ne Isl ands , shoul d be best

suited to describe the western section of the Walvis Ridge . We used geoid

hei ghts derived from the Geos 3 radar altimete r to investigate the structure

of the Wa lvis Ridge and selected 16 satellite passes evenly spaced along the

whole length of the ridge , as seen in Figure 7. We applied the Airy model

with variable plate thickness and the thin -elastic —plate model with variable

flexura l ri gidity to all these profiles. Eight of the profiles are presented

in Fi gures 8 and 9. The eastern section of the rid ge shows strong b roa d an d
asynin etrical signals wi th occasional dual structures , wh i ch accoun t for the
two *parate ridges fo rrmiing that section: the Vald iv ia  Bank and the Frio Ridge .

The c ent ra l  se tion reveals weaker and narrower signals , wh i le the wes tern
section shows dual signals , a shdrp and intense southern peak and a weak

northe rn signal. The qeoid heights thus fai thfully reflect the bathymetry of

the area.

In the easte rn .iu tion of the Walvis Ridge , the thin — elastic —p late value

f I r  lip I I~~ x m m r i  I r i q i  Iii ty t h a t  best accounts for the intensity of the observed

qeoi l is very large , of the or k’r of 2.5 . i o
30 dyne-cm. This model , however ,

12
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order 16.
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gives negative aisles that are not apparen t in the observed geoid; moreo ver ,

the width of the theoretical signal is too large . Therefore, we tried the
Ai ry mode l , which , in most of the passes observed , best reproduced the

observed geoid for a local lithospheri c thickness T of 25 km , as seen i n
Fi gures 10 and 11 . This thickness , howeve r, i s l a r ger than the avera ge thi ck-
ness along the whole profile. The Ai ry crustal thickening T

~ 
can be defined

by

T = ~~~+~~- + T  
‘

where h is the height of the ridge above the sea floor and t is the depth of

the root below the bottom of the lithosphere . The Airy crustal thicvness

determi ned in that reg ion is thus of the order of 20 km . We believe that the

Ai r-i mode l constitutes a much better descri ption of the area; further , it

fits with other available data , such as the age of the lithosphere , the age

of the load , gravity data , and theories concerning the openi’ig of the Saute

Atlantic.

In the central section , we again app lied both models. The thin -elast ic-

plate mode l gives best fitting theoretical geoid height s for a flexural-

ri gidi t y value of the orde r of 5 l0~~ dyne-cm. Again in this case , there

Is a discrepancy between the observed and the computed geoid heights for- the

width and negative aisles of the si gnal. By using a crusta l thickness of

25 km , the Ai ry mode l gives a better fit for all parameters than the thin-

elastic—plate mode l does.

The situation is reve rsed , howeve r , fer t he  weste rn sect ion of t i me
Wa lvis Ridge . The s i gna l therm is sharp nmd narrow and is mat bed very well

by the t om —el a stic -plate timode l when a fle~ur al— ri ’ji dit -j value of about

~~ r~ 1 .0 ~ 10
29 dyrie -c im m i ’ . i~ed (See Figures 12 and 13). This value would

thus suggest that the sea ntounts we re furnie d on very young and ve ry thin
lithosphere , of the order of 8 to 10 km thick. These va l ues for the litho-

spher ic thickness a r-p simi l a r  to but  large r Ihan t hos e foun d b/ Detrick ari d

16
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.~atts (H79) in the same area in their correlation of surface shi p gr av it 1
data and bathymetry data , The sl i ght discrepancy can be easi ly  acco un ted fur

by toe nature of the bathymetry used in our study . Our bathy mnetry profiles

were reconstructed along the subsatel lite positions front the Ishupi bathymetric

charts , which have 400—tn contours ; thus , we could ovp rest immma te the depth of
t he  bottom floor and unde restimate the rid ge height by as much as ~~ in . We

performe d the calculations a second ti mie using visual interpolation for points

between batey:e tr y contours . This l owered the flexural ri gidity to 6 1022

dyne-cm , in perfect agreem ent wi th other researchers .

So far , we have studie m .~ a large variety of bathymetric t~atures spanning

di fferent lithospheric ages and condit ions of creat ion and evolution . The

two m ai n  factors that seem to infl uence the geoid hei ghts are th e conditions

of creation (e .g . ,  hot spot and upl i f t )  on the one hand and the age of the
lithosphere at the time of loading (e.g., position with respect to the ridge

ax is)  on the other hand. The latter po in t  requires fur the r i nves t i gat ion ,

howeve r, because it seems that the actual lithospheric age should be present

in the geoid signal. In future research , we hope to resolve that discrepanc y

by using both Geos 3 and Seasat radar a l t i m e t e r  data acquired over several

other bath yr’etric features.

2.3 Continental Lithosphere

In this two—year ef fort , the fi rst year dealt mostly wi th the inte rpre-
t~ tion of the short -wavelength features in the earth’ s gravity field over

continental regions. This work was discussed exten’sively in Scientific

apart No. 1 and in Roufosse (1979b); it is summ ari zed here . Regression lines

between the short-wavelength features in the gravi ty and topography fields

were obtained in 50 ~ 
50 squares for cont inental  regions , together wi th the

average age of the basement rocks for each square . Plotting the distributi on

of the slopes of the regression lines as a function of age of the reg ions ,
we found that the slopes increased w i th  increasing age . This ob , r v m t i o n
was compa red wit h models for the continental lithosphere (Crouqh and Thomm ip son ,

l976b). ~tart ing from these models , it is possible to evaluate the free-air
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a m ) I ! f t ~1 ies associated with co lu immns of ‘mu ter ial 4(jO km deep composed of ~ppro-
priate proportions of crus t , lithosphere , and mantle and compare these anomalies

w i th the topography to determine a theoretical linear—regression slope . We
c Jumid  qualitative agreement between the observed and the calculated slopes.

th is wo rk is fi r - tr ie r compared with seismi c data deri ved by Sengupta (1975),

which shows an increase in P-wa ve velocity anomalies with increasing age.

2.4 Conclusions

in the course of this study , we becam e aware of shortcomings in the data

set ut iliz ed. Ove r continental regions , the surface gravity data are very

abundant in certain areas , such as the northern United States , but are either

nonexistent or are the result of predictions in other areas . Ove r oceanic
regions , they are still ve ry scarce. ~e thus decided to utilize a combination

of surface ship gravity daLi , Geos 3 radar altimete r data , an d Apollo range-

rate residuals to perfo rimi an extensive study of the indian Ocean. Th is wo rk
is in progress , for which we are collaborating with Dr. P. Mcl ’~nz i e from
Camnbridge Un i vers i ty , U.K., Dr. B. Parsons from Massachusetts Institute of

Technology , and Dr. A. Watt s fr om , Lam imont Doherty Geological Observatory . Such
i thorough study is a va’~t undertaking and cannot be achieved easily by a

sing le researcher; we believe that our collaboration will lead to significant

progre ss on unde rstanding eunve etion in the m antle. The correlation function

between the long-wavelength features in the gravi ty and those in the bat r iymn et r ,

fields will be studied as a function of wavelength ; the shape of the function

is ve ry sensitive both to the depth of the convection cells and to the viscosity

variations within these cells (McKenzie , 1977).

In concl usion , wi have tri ed in this work to extract maximiìum info rmation

f rom e Gene 3 altimetry data in both the long— and the short-wavelength

p o r t i o n s  of  the spectrm imm m. We have mm ade significant progress so far , but we

have not completely - ‘p l oit e d the wealth of info rmation contained in that data

set. Research in the c o m mmin c j years will focus on contin ued interpretation of

this wea l th  of Geos d a t , , t.o’j ther w i th  data front Seasat .
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